Abstract The scope of this paper is the application of evolutionary optimization methods to the development of composite fibre reinforced plastics (CFRP) racing motorcycle rims. The mass and the moment of inertia of a front and a rear CFRP rim are minimized subject to manufacturing, strength, and stiffness constraints. The stacking sequence of the composite laminates is optimized by applying a sophisticated parameterization concept making an excellent compromise between a huge variety of structure properties and a reasonable number of optimization parameters. The mechanical properties are simulated using the finite element analysis package ANSYS. Resulting displacement and Tsai-Wu index values are combined with the mass of the rim in order to assign a fitness value to each different design solution. The smart formulation of the fitness function allows the exploration of solutions close to the required strength and stiffness properties. The proprietary software DynOPS is utilized as an optimization engine. It links an evolutionary algorithm to arbitrary simulation programs and controls the entire optimization process. The sophisticated parameterization concept, together with the fitness function formulation, are the basis for the development of CFRP motorcycle rims decisively lighter than state-of-the-art magnesium alloy rims.
Introduction
In motorcycle racing it is absolutely crucial to permanently pursue improvements and new developments in order to remain competitive. A variety of components contribute to an outstanding racing performance, e.g., engine performance, aerodynamic properties, wheel grip, the drivers' skills, but in particular the motorcycle rims significantly influence the overall performance.
The quality of a motorcycle rim can be directly quantified through its mechanical properties such as stiffness and strength. The stiffness is particularly important in turns of high speed where vertical and lateral loads resulting from the motorcycle's weight and centripetal effects introduce bending loads into the rear and the front rim. Furthermore, the motorcycle rims must not fail when maximum loading occurs. The front rim is heavily loaded when full braking is applied. The maximum loading of the rear rim occurs at maximum acceleration of the motorcycle once the front rim loses ground contact.
In addition to the mechanical properties, the mass and the moments of inertia of a motorcycle rim should be as low as possible. On the one hand, the rim mass contributes to the overall mass of the motorcycle and it belongs to the so-called unsprung mass crucially influencing the handling of the motorcycle on uneven race tracks. On the other hand, low moments of inertia of the rims are much more important. As a matter of simple physical principles, a lower moment of inertia with respect to the rotation axis of the rim allows faster acceleration and deceleration of the wheels and therefore of the racing motorcycle. Moreover, changing the direction of the motorcycle creates gyroscopic forces whose magnitudes are directly correlated to the moments of inertia of the wheels. It is therefore crucial to reduce the moments of inertia -in particular of the front rim -in order to improve the handling, the performance, and therefore the competitiveness of the racing motorcycle.
Nowadays, magnesium alloy rims that are even lighter than aluminium rims are state-of-the-art in motorcycle racing. These magnesium alloy rims are technologically sophisticated and therefore do not offer a great potential of further mass reduction. Thus, the newly developed rims are manufactured from carbon fibre reinforced plastics (CFRP) allowing for a significant reduction of mass and moments of inertia due to superior stiffness and strength properties of the material.
The rims are manufactured by combining unidirectional and woven CFRP plies, whereas the mechanical properties and the orientation of each ply directly influence the mechanical properties of the rim structures. Consequently, the highly complex issue of determining the optimum stacking sequence of the plies needs to be addressed. Only the application of advanced optimization methods allows for the consequent exploration of the mass reduction limits. A characteristic for composite optimizations are numerous local minima in the search space, which need to be anticipated. Furthermore, the integer numbers describing the quantity of plies and the discrete parameters determining the orientation of the plies render the search space extremely discontinuous. Additionally, a variety of constraints have to be considered during the optimization in order to produce feasible design solutions. Consequently, the optimization problem cannot be efficiently solved by using gradient-based optimization techniques so that evolutionary optimization methods need to be chosen.
A basic introduction to the optimization methodology based on evolutionary algorithms (EA) is presented in Sect. 2. Section 3 gives a brief overview of the required steps to apply EAs to the rim optimization problem. The setup of the necessary simulation models is outlined in Sect. 4, whereas the entire optimization process is the subject of Sect. 5. Within the scope of this project, a front and a rear rim are developed. The methodology of the optimization process is demonstrated by means of the front rim but the optimization results are presented for both motorcycle rims in Sect. 6. Finally, a short conclusion and an outlook are given in Sect. 7.
Basic concepts of evolutionary algorithms
The idea behind evolutionary algorithms (EA) 1 is to imitate Darwin's "survival of the fittest" law within an artificial simulation environment. Similarly to nature, where every species evolves through the mating of the fittest individuals, different physical structures performing well under a given load case are combined in order to find an even better structure. This is not done by directly combining the physical structures themselves, but by combining their determining parameter values, similar to the combination of two parents' genes that form the genes of a child. This way the problem is divided into a phenotype solution space (the physical structures) and a genotype search space (the coded solutions), which is named 1 For a definition of terms see Bentley (1999) the representation issue by Schoenauer (1996) or alternatively the parameterization in this paper.
In structural optimization the applied evolutionary algorithms are most often based on genetic algorithms (GAs). GAs were developed by Holland (1975) and the basic terminology of genetic search and its principal components are discussed by Goldberg (1989) . An introduction to the application of GAs to structural optimization using traditional binary string codings is presented by Hajela (1992) . A more modern overview of the application of evolutionary algorithms in automated design optimization can be found in Bentley (1999) .
Basic elements of general EAs
This section briefly recalls the basic steps of a general EA, mostly following the terminology introduced by Bentley (1999) . The problem at hand is to reach an objective within a given search space subject to some limiting constraints. A fitness function has to be built from these quality measures (optimization objective and constraints) assigning a unique fitness value to each individual, whereas violated constraints should significantly affect this fitness value. A population of individuals undergoes artificial Darwinian evolution whereby the fitness value is directly related to the parameter-set of the respective individual. The best individuals of a population are used to produce offspring for the subsequent population, i.e., the next generation. Figure 1 shows a rough scheme of an evolutionary algorithm paradigm and the main steps are described below.
Initialization. An initial population of individuals is required in order to start the optimization process. Such a population can be obtained by randomly initializing the genotype, whereas each entry of the genotype, i.e., each single gene, can be chosen from a given set of possible parameter values (alleles). Evaluation. Every individual of a population has to be rated according to the fitness function formulation. This includes transformation of the individual from 
